Environ Monit Assess (2023) 195:1328
https://doi.org/10.1007/s10661-023-11694-9

RESEARCH

®

Check for
updates

Sand dam contributions to year-round water security
monitored through telemetered handpump data

Hannah Ritchie - Ian Holman - Alison Parker -
Joanna Chan

Received: 20 February 2023 / Accepted: 7 August 2023 / Published online: 17 October 2023

© The Author(s) 2023

Abstract Sand dams are a form of rainwater har-
vesting, prolific in arid and semi-arid lands. Water is
provided partly via handpumps, which, as the only
improved method of abstraction from sand dams, are
important for drinking water security. Accelerometers
and cellular transmitters were fitted to 30 handpumps
by the Africa Sand Dam Foundation (ASDF) in 2019
to monitor the use and reliability of the handpumps
by recording hourly water volume abstracted. Data
from April 2019 to October 2021 for 26 of these
sites, alongside qualitative data, were analysed and
each handpump’s contribution to year-round water
security was explored, focusing on the long dry sea-
son when water supply from other sources is compro-
mised. Abstraction was over 20 times higher in the
long dry season than in any other season, and at sites
with higher salinity, higher livestock use, and larger
dam wall area. At 21 wells, abstraction was still being
recorded at the end of at least one long dry season;
however, high spatial and temporal heterogeneity
between pumps and seasons means that not all sand
dams deliver reliable water supply year-round. Quan-
tifying the contribution that sand dams make to water
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security is crucial for understanding their resilience
against a changing climate and can aid decision mak-
ers when choosing the most appropriate water man-
agement technique. Knowledge of temporal and site
heterogeneity in abstraction can inform when other
water sources need increasing and can help with sand
dam design optimisation. Overall, our results indi-
cate the positive contribution that sand dams make
to year-round water security through the water that is
abstracted through handpumps.

Keywords Dryland - Rainwater harvesting -
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Introduction

Drylands, or arid regions, are home to one-third
of the world’s population but face severe threats to
water security, resulting in a deficit between sup-
ply and demand (Davies et al., 2016). As one of the
most sensitive areas to climate change (Huang et al.,
2017), challenges related to water supply are increas-
ing (Lian et al., 2021), meaning resilient, holistic
approaches to water management are crucial. One
such technique, popular in certain dryland settings, is
sand dams.

Sand dams (Fig. 1A) are small, concrete structures
constructed across ephemeral streams. Alluvial sand
accumulates behind the walls, in which water collects
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Fig. 1 A Sand dam, comprising a concrete dam wall with a natural accumulation of sand behind it forming the sand aquifer; B hand-

pump in the upstream bank of a sand dam

in the rainy season and is stored for use in the dry
season (Neufeld et al., 2021; Pauw et al., 2008; Stern
& Stern, 2011). They are indigenous structures that
are found in sub-Saharan Africa, southern Africa,
Asia, and North America (Ritchie et al., 2021). The
water is used for domestic consumption, agriculture,
livestock, and other water-consuming projects such as
brickmaking (Beswetherick et al., 2018; Cruickshank
& Grover, 2012; Lasage et al., 2008; Parker et al.,
2022; Pauw et al., 2008; Ritchie et al., 2021; Tuinhof
& Heederik, 2002). The needs of individuals using a
sand dam vary, but in general the dams must rarely
provide for entire year-round water needs, with other
sources such as boreholes, rainwater harvesting
(RWH) tanks, kiosks, surface water, springs, and
piped water supply used (Lasage et al., 2013;
Neufeld et al.,, 2020; Strohschein, 2016). Whilst
people rely more on RWH tanks in the rainy season
(Adekalu et al., 2002; Boelee et al., 2013; Elliott
et al., 2017; Ozdemir et al., 2011; Shaheed et al.,
2014), sand dams can be a useful source of water
in the dry season when other sources run low or are
unavailable (Maddrell & Neal, 2013; Neufeld et al.,
2020; Strohschein, 2016).

This region is characterised by four seasons: short
dry season (January—February), long rains (March—May),
long dry (June-September), and short rains (October—
December) (Camberlin and Wairoto, 1997; Musyimi
et al., 2023; Nganyi, 2009), with an average annual rain-
fall from 1981-2021 across the sites of 286 mm and
375 mm in the long and short rainy seasons respectively
(derived from Climate Hazards Group InfraRed Pre-
cipitation with Station data (CHIRPS)) (CHIRPS, n.d.).
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Whilst the area receives reasonable rainfall, much of it
is lost as runoff, leading to water deficits. According to
Augustine et al. (2014), the average person in Makueni
uses 19.55 +/— 0.343 L of water per day.

Sand dams are most common in Kenya, where 84%
of land is arid or semi-arid and a 31% gap between
available water resources and water demand is antici-
pated by 2030 (Davies & Gustafsson, 2015). Surface
and unimproved water sources are used by 19% and
9.8% of people, respectively, endangering drink-
ing water quality and future water security (WHO &
UNICEF, 2022). However, the prevalence of streams
and rivers with high coarse, suspended sediment
loads offers opportunities for sand dam construction
(Hut et al., 2008; Mutati et al., 2018; Viducich, 2015).

There is uncertainty around the contribution that
sand dams make to year-round water security. Ngugi
et al. (2020), van Loon and Droogers (2006), and de
Trincheria et al. (2015) found that many dams do not
have the capacity to support water needs through-
out the entire long dry season in Kenya. The former
two studies are located in the Tiva catchment (in the
west of Kitui), whilst the latter is located in Mak-
ueni. Through surveys, Ngugi et al. (2020) found
that almost 50% of 116 dams did not have water by
the end of the long dry season, whilst de Trincheria
et al. (2015) found that 67% of 30 dams did not sup-
ply water to even one household during the entire
dry season. From modelling, van Loon and Droogers
(2006) found an unmet demand from July to Septem-
ber. Borst and de Haas (2006), Quilis et al. (2009),
and Hanson and Nilsson (1986), on the other hand,
cite the opposite. The former two studies are in the
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Kiindu catchment (a small catchment near Kitui town
(Ertsen & Ngugi, 2021)), whilst the latter is based in
the Hararghe region of Ethiopia. Hanson and Nilsson
(1986) and Quilis et al. (2009) cite, from measure-
ments and modelling, respectively, that the dams are
full several months after the end of the rainy sea-
son and can effectively increase water availability
throughout the dry season. Borst and de Haas (2006)
studied a 2-km stretch of river comprising five dams
and found from a water balance that 11m?> is now
available per day in this area from March to October,
compared to 2m?> before dam construction, with 8m?
currently being used per day. Given the geographical
similarity between most of the studies, location is not
assumed to be the cause of differences in water avail-
ability. No studies to date have specifically quantified
annual water abstraction from sand dam handpumps
(Fig. 1B), creating uncertainty around the usefulness
and financial viability of sand dams.

Quantifying the volume of water abstracted from
sand dams via handpumps is key to understand-
ing sand dam’s contribution to water security, and
their potential resilience and sustainability against a
changing climate. Whilst abstraction volumes may
be linked to storage, other variables, including con-
venience, quality, and the use of other sources can
impact abstraction. In response, this study seeks to
understand the contribution that sand dams make to
year-round water security by studying abstraction
patterns, from sensor-derived handpump data and
the characteristics of sand dams, from interviews
and empirical data, which may be impacting these
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patterns. The study is the first of its kind at sand dam
sites to use abstraction data which avoids reliance on
recall and assumptions made in modelling, and which
spans a continuous 31 months rather than providing
a snapshot in time. It is hypothesised that sand dams
improve communities’ year-round water security by
sustaining water availability in the dry season. Prov-
ing or disproving this is crucial for understanding
sand dams’ level of use, acceptance, and financial
viability. It will help to inform future water manage-
ment interventions and to ensure that users are ser-
viced with an improved supply throughout the year.

Materials and methods
Study context

The study location was rural areas of the Makueni
and Machakos counties, in Southeast Kenya (Fig. 2),
and the project was conducted in partnership with
Sand Dams Worldwide (SDW) and the Africa Sand
Dam Foundation (ASDF). This area was chosen due
to large investment in sand dam construction.

Data sources

To quantify the contribution that sand dam hand-
pumps make to year-round water security, three data
sets were used: sensor-derived hourly abstraction
data, CHIRPS rainfall data, and interview and obser-
vational data.
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Fig. 2 A Map of Kenya at a 1:9,000,000 scale, B map of Makueni and Machakos counties, Southeast Kenya at a 1:1,500,000

scale at A4, where the study sites are located (processed using ESRI® ArcGIS Pro’

)
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The handles of thirty sand dam handpumps at thirty
different sites were fitted with waterpoint data trans-
mitters (WDT). The WDT consists of an integrated-
circuit-based accelerometer, a microprocessor, and
a GSM (global system for mobile communications)
modem (Thomson et al., 2012). The accelerometer
measures handle movement by sensing movement in
X, Y, and Z planes to produce three analogue outputs
proportional to the acceleration sensed along that axis.
The microprocessor then takes the acceleration data
in order to calculate pump handle tilt angle, which is
monitored to produce a count of the number of strokes
the pump handle has moved over a given time period.
The relationship between stroke length and number of
strokes was used to then estimate the volume of water
abstracted (Thomson et al., 2012).

The data is then transmitted as a short message
service (SMS) via the GSM modem (Thomson et al.,
2012). Thomson et al. (2019) previously calculated
the estimated volume abstracted (derived from the
conversion of pump handle movements from the
WTD) to give a +/— 15% accuracy against measured
volume abstracted.

Each site fitted with a transmitter was selected
due to (1) a strong cellular network signal so that
the accelerometers can transmit data (which are con-
verted to abstraction volume) through the mobile
network and (2) the handpumps being used daily in
order to provide continuous data (Chan, 2019). ASDF
visited each site to verify daily usage; however, many
areas with high usage had no network coverage,
meaning that some sites with lower daily usage with
network coverage were selected. Twenty-six of these
handpumps were selected for this study based on data
availability and continuity. The data spans from April
2019 to October 2021.

CHIRPS data, a 35+-year quasi global rainfall
data set, was used to assess rainfall levels at the 26
dams. CHIRPS combines data from models, real-
time observing meteorological stations, and 0.05°
(5km) resolution infra-red satellite data to estimate
daily precipitation (Funk et al., 2015). Mulungu and
Mukama (2023) evaluated the accuracy of CHIRPS,
finding it to correlate well with ground rainfall
observations on a monthly timescale, but less well
on a daily scale with Pearson’s correlation coef-
ficients of >0.7 and r>0.5 respectively. Although
CHIRPS data is less accurate in dry than moist
conditions, with light precipitation events found to
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be underestimated and heavy precipitation events
overestimated, it has been found to be more suit-
able than other products for small-scale studies (Bai
et al., 2018; Liu et al., 2019).

Characteristics of each dam were collected during
fieldwork by Chan (2019) and provided by ASDF and
SDW. Interviews and measurements were conducted
at 30 sand dam communities, chosen due to the pres-
ence of a WDT (26 of which abstraction data are
available for), from June 20 to July 12, 2019 (Appen-
dix A). This part of the study gained ethical approval
through the Cranfield University Research Ethics Sys-
tem (CURES) CURES/8640/2019. Subsequently, 203
semi-structured interviews were conducted with the
assistance of a translator, in the homestead or at the
handpump. Participants were selected for interview
using a snowball sampling method, on the basis that
they used the handpump in question. Questions were
centred around volume usage and ease of access to
handpumps. The interviews were intended to identify
the frequency of handpump usage and to determine
which factors may cause people to use other water
sources over handpumps. Water samples were taken at
each handpump using a plastic cup, in which electrical
conductivity was tested using a hand-held probe.

Variables collected in fieldwork included perceived
salinity (% of interviewees perceiving water as saline),
abstraction limits (inc. only selling to members, limited
number of jerry cans/p/day), livestock use (% of inter-
viewees using the handpumps for livestock), whether
the dam is said to have ever run dry, presence of rain-
water harvesting tanks (% of interviewees with tanks),
and actual salinity (us/cm). These variables were cho-
sen based on knowledge regarding possible reasons for
the use of such wells (Chan, 2019). Variables provided
by ASDF and SDW included area of vertical face of
dam wall (area: height X length of wall (m?)), distance
(average distance of round trip to handpump (km)),
and user numbers. These were analysed using two
models to provide insight into differences in abstrac-
tion between sites.

Data analysis

The rainfall data was analysed in Google Earth
Engine (Gorelick et al., 2017). A single CHIRPS
cell was selected for the coordinates of each dam to
give a time series of daily rainfall data across the
study period. The data from each site was averaged
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across the study period and from 1981 to 2021 to
also give long-term average rainfall.

Some abstraction data was missing due to signal
and battery failures. Hourly abstraction of OL (hand-
pumps not used) was differentiated from missing data,
which was represented by NA or an excluded data
point. The raw hourly data was collated into daily,
weekly, monthly, and seasonal data for the analysis.

To account for the missing data, all days with any
missing hourly data were excluded so that total daily
abstraction was based on a complete day. Following
this, specific inclusion criteria were developed for dif-
ferent abstraction data sets depending on the analysis:

— To analyse patterns of abstraction, daily, monthly,
and seasonal (L/day) data sets were used. All data
were used, apart from four outliers at Wikwatyo of
>14,000L/day which were removed where neces-
sary for clarity in figures.

— To analyse the relationship between sand dam
characteristics and abstraction volume, median
monthly abstraction per person (L/person/day)
was used. Only handpumps with data for all vari-
ables in the models were included.

— To analyse abstraction patterns in the long dry
season, median weekly abstraction per person (L/
person/day) was used. Only handpumps with >4
days’ worth of data available for the last week of
September in at least 1 year were used.

These data sets were used to assess the contribu-
tion that each handpump was making to year-round
water security. The data were coded and analysis per-
formed in R Studio (RStudio Team, 2020) and Stata
(StataCorp, 2021).

Descriptive and inferential statistics were used
to explore general patterns of abstraction, both
spatially and temporally. A Friedman test, a non-
parametric alternative to a one-way ANOVA test,
used when measurements of a group of subjects are
taken over time, was used to assess statistical differ-
ence in the median daily abstraction between sea-
sons (L/day). Following a detrending of the data,
total monthly abstraction was compared to total
monthly rainfall at each site, using Spearman’s rank
correlations (non-parametric version of a Pearson
test), to assess whether monthly abstraction varies
significantly with rainfall.

To explore which characteristics may impact
abstraction, two random effects regression models
were used, as such models can handle panel data and
are used to fit a relationship between two or more
variables (Park, 2011). A Hausman test indicated the
merits of a random over a fixed effect model, and the
dependent variable (median monthly abstraction (L/
day)) was log transformed, enabling assumptions of
a linear model to be met. Median rather than mean
abstraction was used due to the skewness of data. A
monthly timescale was used to assess seasonal varia-
tion over the year. Significant (p) independent predic-
tors of outcomes were assessed at p < 0.05, <0.01,
and <0.001. The first model included the independent
variables: month, site, actual salinity, area of dam wall,
livestock usage, abstraction limits, and the proportion of
interviewees with a RWH tank. The second model addi-
tionally included distance. These variables were chosen
for exploration purposes and due to previous research
findings (actual salinity, livestock use, RWH tank, and
distance (Chan, 2019; Kelly et al., 2018; Rahman et al.,
2017; van Schalkwyk, 1996)). Variables were dummy
coded as categorical variables into two groups of
roughly even sizes centred around the average.

Finally, analysis in the last full week of Septem-
ber (end of the long dry season) assessed whether
handpumps were providing at least sufficient drink-
ing water by this point. Due to the necessity of an
improved source of water for drinking, the hand-
pumps were classified based on a median weekly
abstraction of 2L/p/day and 4L/p/day in the final full
week of September, based on the minimum drinking
water requirement cited by the World Health Organi-
sation (2016) in regular and hot climates respectively.
This was done to assess whether the handpumps could
independently meet drinking water needs, in case no
other water source was available. The handpumps
were sorted into three groups based on a median
weekly abstraction of 2L/p/day (the lower cited
minimum drinking water requirement (World Health
Organisation, 2016)). Due to the 15% uncertainty in
the data, the groups were as follows: <1.7L/p/day not
providing sufficient water, 1.7-2.3L/p/day potentially
providing sufficient water, >2.3L/p/day providing suf-
ficient water. Any handpumps providing >4.6L/p/day,
derived from the minimum drinking requirement in
hot climates (World Health Organisation, 2016) with
a 15% uncertainty, are marked with an X in Table 3.
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Values were based on per person abstraction using
an average of 3.7 residents per household (Knoema,
2019). However, due to differences in cited household
size, with Augustine et al. (2014) citing an average of
6.15 residents per household in Makueni, any hand-
pumps with >2.3L/p/day still being abstracted when
using a household size of 6.15 are marked with a O in
Table 3.

Results
Rainfall

Average monthly rainfall across the 26 study sites for
the duration of the study period (April 2019—October
2021) displayed the recognised Kenyan trend of two
rainy and two dry seasons. Long-term average yearly
rainfall across the 26 study sites from 1981 to 2021
was 760mm. Yearly rainfall for 2019, 2020, and 2021
was 1035mm, 996mm, and 726mm, respectively,
highlighting 2019 and 2020 as wetter than average
(CHIRPS, n.d.).

However, on a seasonal level (based on literature
derived seasons), the long rainy seasons in 2019 and
2021 were drier (160 mm and 264 mm respectively)
than the long term average (286 mm), whilst 2020
was wetter (438 mm). This is in comparison to the
short rainy season, which in 2019 was over two times
greater (797 mm) than the average (375 mm), whilst
2020 and 2021 were slighlty drier (332 mm and 369
mm respectively) (CHIRPS, n.d.).

Patterns of daily abstraction
Spread of daily data

Across the months in which each handpump trans-
mitter was live, the amount of missing daily data
ranged from 5.8% at Woni 15 to 75.4% at Woni
16. Seven handpumps had >50% of data miss-
ing, whilst twelve had <25% of data missing.
Not all transmitters were operational from April
2019 to October 2021, making it an unbalanced
data set. The data set of daily abstraction showed
a non-normal distribution, with a high positive
skew to the right (skewness = 3.58, indicating a
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high proportion of small values). Of 11,610 data
points, there were n=840 counts of OL abstrac-
tion, whilst most values (1,307) lay between >0
and 250L/day.

Heterogeneity between sites

There was heterogeneity in daily abstraction pat-
terns and volumes between handpumps. Four sites
(Fig. 3) have been used to represent the main pat-
terns observed. Most handpumps saw peaks of
abstraction in the long dry season (n=17) (Fig. 3A),
whilst some also saw peaks in the short dry season
(n=5) (Fig. 3B). Others saw additional peaks in the
rainy season (n=11) (Fig. 3C), whilst some showed
similarly high levels of abstraction across the year
with no distinct peaks (n=3) (Fig. 3D). Due to this
heterogeneity between handpumps, median daily
abstraction, although 95L overall, varied greatly
between individual sites from 2L at Ikanga to
2962L at Woni 16 (Fig. 4).

Heterogeneity between seasons

Handpump use was heterogenous between seasons
(Figs. 5 and 6). Whilst the range of abstraction data
across the handpumps was not dissimilar in each sea-
son, the median abstraction was highest in the long dry
season (444 L/day) compared to 13 L/day in the
short dry season (Fig. 5). A Friedman Test indi-
cated a significant (p = 0.0145) difference in median
daily abstraction between seasons (L/day) amongst
individual sites.

Median monthly abstraction averaged across all
sites showed a peak in the long dry season (August
in 2019, July in 2020, and September in 2021). There
is generally a decreasing trend in abstraction towards
the end of the long dry season in 2019 and 2020.
Lower levels of abstraction were observed through-
out the rest of the year, with the lowest occurring at
the end of the short rainy season in 2019, in the short
dry season in 2020, and at the end of long rainy sea-
son in 2021 (Fig. 6). Spearman’s rank correlations of
total monthly abstraction compared to total monthly
rainfall at each individual site indicated a significant
negative correlation at four sites and a positive cor-
relation at one: Athiani (r=.45, p=0.038), Kithunthi
(r=-.52, p=0.007), Mapatano 17 (r=—.48, p=0.010)
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Mbukilye (r=—.64, p=0.0003), and Wendo (r=—.74, Relationship between sand dam characteristics and

p=2.15e-05), with the four latter sites indicating sig- abstraction volume

nificantly higher monthly abstraction when rainfall

is lower. Most of the other sites also show negative In order to assess whether any sand dam charac-
correlations, as shown in Fig. 6, displaying median teristics or individual behaviours were influencing
monthly abstraction and precipitation across each site. abstraction, two random effects regression models
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were used. Table 1 highlights the descriptive statis-
tics of the independent variables of sand dam charac-
teristics or individual behaviour: actual salinity, area
of vertical face of dam wall, livestock use, abstrac-
tion limits, presence of rainwater harvesting tanks,
distance, whether the dam is said to have ever run
dry, and perceived salinity, alongside the dependent
variable (median monthly abstraction per person),
and the control variables month and handpump site.
Data on five of the independent variables of
sand dam characteristics or individual behaviours

Pump location

(Table 1): actual salinity, area of wall, livestock,
abstraction limits, and RWH tank, whilst controlling
for month and pump, were compared to log median
monthly abstraction per person (L/day) in random
effects regression model 1 (Table 2). Perceived salin-
ity was excluded due to high collinearity with actual
salinity. Ever run dry and distance were removed due
to the loss of data due to 8 and 9 handpumps respec-
tively having no values for these variables.

This first model explained 47.1% of the variation
in abstraction (28.1% within and 100% between).

Fig. 5 Median daily
abstraction between seasons
(L/day) across all sites
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Fig. 6 Median monthly abstraction (L/month) (red line) and average monthly precipitation (mm/month) (brown bars — dry season

and blue bars — rainy season) across all sites

Table 1 Selected dependent variable characteristics used in the regression models

Description Value Number of Mean Median Min Max
data points
Dependant variable
Median monthly abstraction per person (L/day) 0-67.5 496 5.2 1.1 0 67.5
Categorical variables
Actual salinity (ps/cm) 0 (<1000) 254 1218 938 208 3150
1 (1000+) 215
Area of dam wall (m?) — height X length of wall 0 (<90) 356 105.9 72 36.6 420
1 (90+) 117
Livestock usage (%) — % of interviewees using 0 (<40) 228 40.7 33 0 100
the handpumps for livestock 1 (40+) 212
Abstraction limits (inc. only selling to members, 0 (no) 151 0.7 1 0 1
limited number of jerry cans/p/day) 1 (yes) 289
Rainwater harvesting tank (%) — of interviewees 0(<42) 245 43.6 40 0 83
with tanks 1(42+4) 172
Distance (km) — average distance of round trip 0(0.5) 185 0.7 0.5 0.5 2.1
to handpump 1 (>0.5) 166
Ever run dry 0 (no) 275 0.1 0 0 1
1 (yes) 44
Perceived salinity (%) — % of interviewees 0 (<60) 161 50 50 0 100
perceiving water as saline 1 (60+) 253
Control variables
Month 31 04. 10.
2019 2021
Pump 26
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Table 2 Results of the regression analysis

Model 1 Model 2

Control variables

Actual salinity 2.489%3%* 1.864 %

Area of wall 4.132%** 3.166%%*

Livestock use 1.252%%* 0.800

Abstraction limits 0.713 1.748*

RWH tank 0.788 —0.368

Distance - —0.955
Observations 390 284
Groups 22 16
R? 0.471 0.500
Wald chi? 301.44 237.88
Max VIF 1.88 2.76

*p < 0.05; ##p < 0.01; ***p < 0.001

Within variation represents the total variation in the
individual values in each group and their group mean
whilst between variation represents the total variation
between each group mean and the overall mean.

Except for September 2019, June 2020, and July
2020, 75% of the long dry months during the 3 years
were found to have significantly higher abstraction
than the reference month of January 2020.

Abstraction was also significantly higher in the rainy
seasons of May 2019, Oct 2020, and October 2021.
Sites where actual salinity was higher, dam wall area
was larger, and more people were using the water for
livestock had significantly higher levels of abstraction.
Abstraction limits and the proportion of people with
RWH tanks were not significant.

Distance was included in a second model, using the
reduced number of handpumps (Table 2). Ever run dry
was still excluded as its inclusion meant that the require-
ments for a random effects regression model were not
met. The second model explained 50.0% of the variation
in abstraction (27.0% within and 100% between sites).
Of the long dry months across the 3 years, 41.7% sig-
nificantly determined abstraction, with abstraction being
significantly higher from the reference month of January
2020. Abstraction was also significantly higher in March
2021 and Oct 2021. Sites where actual salinity was
higher, dam wall area was larger, and abstraction limits
were in place had significantly higher levels of abstrac-
tion. Livestock use, the proportion of people with RWH
tanks, and distance were not significant. As distance was
not significant in model 2 and given the reduced number
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of sites used, the first model is the focus of the discussion
in the “Temporal abstraction trends” section.

Long dry season analysis

Of the 26 handpumps, 22 had abstraction data avail-
able for the last full week of at least one long dry
season (September), with 21 having some water
abstracted, indicating that they were providing water
when access to other sources may have been compro-
mised. Median daily abstraction in this week averaged
across the 3 years across the 22 sites was 242L. This
varied, however, between OL at Bodeni and 5920L at
Kee 13.

From the 22 handpumps for which data was avail-
able, using a household size of 3.7, 31.8% (N=7)
of sites were classed as providing sufficient water
(>2.3L/p/day) by the end of each long dry season
(2019-2022) for which they have data available: able
to meet users’ minimum drinking needs. A further
27.3% (N=6) met this need by the end of at least one
long dry season for which they have data available.
Of these 13 handpumps, 84.6% (N=11) were pro-
viding >4.6L per person: the drinking water needs
in hot climates (World Health Organisation., 2016)
in at least one long dry season (indicated by an X in
Table 3). These handpumps were able meet user’s
drinking water needs independently of other sources
(blue in Table 3).

Of the remaining handpumps, 36.4% (N=8) were
not providing sufficient water (<1.7L), failing to meet
the drinking water needs of their users in any year
(brown in Table 3). One handpump (Makutano) was
classed as “potentially providing sufficient water” in
2020 (between 1.7 and 2.3L) (white in Table 3).

Finally, of the 21 seasons in which >2.3L was
being abstracted using a household size of 3.7, 81%
(N=17) still had >2.3L being abstracted when using
a household size of 6.15 (indicated by a O in Table 3),
indicating that the majority would still have been pro-
viding sufficient water to meet drinking water needs
even with a larger user population.

Discussion
The contribution that sand dam handpumps make

to water security is fundamental to their practicality
and usefulness as a water resource in drylands. It was
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Table 3 The handpumps and years where minimum user
drinking needs are and are not being met by the last full week
of the long dry season (September) based on median weekly
abstraction (L/p/day) using an average household size of 3.7
(dark blue = >2.3L/p = providing sufficient water, brown =

<1.7L/p = not providing sufficient water, white = potentially
providing sufficient water (1.7-2.3L/p), grey = missing data,
X = providing >4.6L/p, 0 = providing >2.3L/p when using a
household size of 6.15)

Site No. of 2019 2020
households

1 | Athiani 18
2 | Bodeni 9

3 | Ikanga 12
4 | Katelembu 16 30
5 | Katelembu 17 30
6 | Keel3 100
7 | Kee 14 60
8 | Kinuvu 46
9 | Kinyenyoni 47
10 | Kithangaini 17 | 73
11 | Kithangaini 18 | 97
12 | Kithunthi 98
13 | Makutano 20
14 | Mapatano 17 12
15 | Mapatano 18 19
16 | Mbukilye 27
17 | Mukaso 86
18 | Mutula 26
19 | Ndwae 43
20 | Sindano 31
21 | Syakama 16 51
22 | Syakama 18 62
23 | Wendo 29
24 | Wikwatyo 21
25 | Woni 15 55
26 | Woni 16 72
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hypothesised that sand dams improve communities’
year-round water security by providing water from
handpumps in the dry season. As the first to analyse
a long-term timeseries of abstraction data from sand
dams, this study supports this hypothesis in general;
however, heterogeneity between sites and missing
data do not make general conclusions possible.

Temporal abstraction trends

Abstraction from the handpumps is highly heter-
ogenous between seasons. When rainfall is higher,
utilisation of handpumps is generally lower. This
is consistent with the findings of Thomson et al.
(2019) who studied the relationship between rainfall
and groundwater use in Kwale County on Kenya’s
southern coast. They found highest weekly abstrac-
tion (average 2335L/pump/day) to be the first week of
March, at the end of the short dry season. This was
three times greater than that of the second week of
May (average of 789L/pump/day), around the peak of
the rains. This is consistent with the regression model
in this study which found significantly higher abstrac-
tion in 75% of the long dry season months. It is pos-
sible that the lack of significance in the two months in
2020 was because of a wetter than average long rainy
season, meaning that other surface water sources
were more readily available.

Lower levels of abstraction observed in months
outside of the dry season are hypothesised to be
linked to the recorded increase in use of multiple
sources in the rainy season (Arouna & Dabbert, 2010;
Elliott et al., 2017; Kelly et al., 2018). Despite the
assumed availability of water in the sand dams in the
rainy season, people may choose to use other sources
for numerous reasons such as cost, labour, and con-
venience, the latter of which is often cited as the most
influential (Dessalegn et al., 2013). Many sources,
however, are compromised in the dry season, forc-
ing use of alternative sources (Chan, 2019; Kaptué
et al., 2013; Kelly et al., 2018; van Houweling, 2016),
likely explaining why sand dam handpump abstrac-
tion increases.

This study found a 34-times increase in median
daily abstraction between seasons (L/day) from the
sand dam handpumps from the short dry to the long
dry season. Neufeld et al. (2020) found abstraction
from sand dams in the Ukambani region of Kenya to
increase from around 50 to 70% of households from
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the rainy to dry season, whilst RWH tank usage fell
from >80 to just 10%. Thomson et al. (2019) simi-
larly found that 86% of households used handpumps
as their main drinking water source in the dry season
compared to 6% in the rainy season, whilst partici-
pants interviewed for this study reported to fetching
less or no water from handpumps when their rain-
water harvesting tanks are full. Understanding the
response of sand dams to rainfall highlights their
resilience to future changes in climate and their appli-
cability in drought-prone areas (Macdonald et al.,
2019). By providing insight into when abstraction is
lower, this study can help to inform water providers
on times of the year when water supply from other
sources such as vendors may need expanding.

Heterogeneity in abstraction

The results show high heterogeneity in abstraction
between handpumps, with median daily abstrac-
tion ranging from 2 to 2962L. Possible reasons for
this heterogeneity include water availability due to
sand dam characteristics, including area of wall,
grain sizes, depth of sediment, width of riverbed,
and slope of banks (Aerts et al., 2007; Borst &
de Haas, 2006; de Trincheria et al., 2015; Jansen,
2007; Nissen-Petersen, 2006; Quinn et al., 2019;
Strohschein, 2016) and environmental character-
istics, including rainfall, soil, geology, accessibil-
ity, topography, and stream order (Jeil et al., 2020;
Ngugi et al., 2020; Thwala, 2010; Wrisdale et al.,
2017; van Houweling, 2016). Additionally, social
factors including number of users, average dis-
tance to each dam, quality, safety, availability and
use of other sources, perceptions, volume abstrac-
tion limits, tradition, price, and water use prac-
tices (particularly whether livestock drink directly
from pooled water or if water is fetched for them
from the handpump) may impact use (Chan, 2019;
Devoto et al., 2012; Elliott et al., 2017; Howard,
2002; Jiang & Rohendi, 2018; Parameswari et al.,
2016; WHO & UNICEEF, 2017).

Modelling of sand dam characteristics against
abstraction volume goes some way to explaining the
variation seen across sites. In the regression model,
abstraction was significantly higher at sites with
higher actual salinity, larger dam walls, and where a
greater proportion of interviewees use the water for
livestock.
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Actual salinity

Abstraction was significantly higher at sites with
higher salinity (>1000 ps/cm). The WHO (2017) per-
missible level of electrical conductivity for drinking
water is 2500 ps/cm, of which 12% (N=3) of sam-
ples exceeded. People often seek alternative sources
to using saline water for drinking (Kinniburgh &
Smedley, 2001) due to perceived health implications,
such as hypertension, (pre)eclampsia and infant mor-
tality (in pregnant women), respiratory infection, and
kidney disease (al Nahian et al., 2018; Rutherford
etal., 2015; Shammi et al., 2019). As only a small part
of daily water use is used for drinking, it was discovered
that abstraction was higher at locations used to meet
other needs, with individuals continuing to use
saline water for purposes other than drinking.
Despite measured salinity being higher at Woni
16, this handpump was used more than Woni 15, with
people continuing to use Woni 16 for livestock and
domestic use, compared to Woni 15, which was used
for cooking and drinking.

Dam wall area

At 52% of sites, the dam wall has an area of 90m?
and above (Table 1), at which abstraction was signifi-
cantly higher. This is likely due to a greater volume of
sand being able to build up behind a larger dam wall,
and therefore a greater volume of water being stored
(Borst & de Haas, 2006; Jansen, 2007; Maddrell &
Neal, 2012; van Loon & Droogers, 2006).

Livestock

At 45.8% of sites, >40% of interviewees were using
the handpump water for livestock (Table 1). These
sites experienced significantly higher abstraction.
When comparing interviewees’ self-reported abstrac-
tion volumes to livestock usage, it was found that those
using the pumps for livestock were abstracting 30.6%
more water. It is estimated that a minimum of 7.5L/p/
day is required to meet basic domestic water needs
(Howard & Bartram, 2003), compared to higher
requirements for livestock, with growing heifers
of 182 kg in 32.2 °C having an approximate daily
water intake of 36 L (Subcommittee on Beef Cattle
Nutrition et al., 2000).

Variables that do not predict abstraction volume

Abstraction limits did not significantly predict
abstraction in the model, suggesting their lack of
impact on water use. Sand dam users on the ground
can assess the availability of water from the dams to
a much better extent than a model can do and should
and will continue to do what they consider necessary
to conserve and sustain water resources.

Finally, the lack of significant impact of RWH tanks
on abstraction suggests people’s reliance on the hand-
pumps independently of RWH tanks. This is likely
because RWH tanks are used to a greater extent in the
rainy season (Adekalu et al., 2002; Boelee et al., 2013;
Elliott et al., 2017; Ozdemir et al., 2011; Shaheed et al.,
2014), compared to sand dam handpumps which are
used more in the dry season, indicating that a holistic
view of rainwater harvesting needs to be taken, consid-
ering all available options as one managed whole.

Drinking water needs

Of the 22 handpumps with available data, 21 had
some water abstracted by the last week of the long dry
season (median daily abstraction of 242L), indicat-
ing a contribution to year-round water security. This
is consistent with Hanson and Nilsson (1986) who
cite that in Bombas, Ethiopia, “the dam is full several
months after the end of the rainy season” and Quilis
et al. (2009) who claim that “sand-storage dams can
effectively increase water availability throughout the
dry season”. Whilst this is true, the level to which
they can meet water needs independently of other
sources is questionable at some sites due to high het-
erogeneity in handpump abstraction.

The results from Table 3 clearly demonstrate that
the level of abstraction is not sufficient to support
the drinking needs of all users of all handpumps in
all years. This heterogeneity is consistent with the
findings of Ngugi et al. (2020), who used a water
requirement calculation using number of house-
holds, persons per household, daily per capita water
requirements, and number of days in the long dry
season, followed by a survey to assess whether dams
were meeting these needs. They found that only
42% of dams could meet household water demand
throughout the whole long dry season, whilst our
study found that 59.1% were meeting drinking water
needs by the end of at least one long dry season.
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The variation in abstraction between years shows
that whilst some handpumps can provide 2L/person/
day, other factors may be impacting abstraction such
as the availability of other sources, population num-
bers which may not remain stable, variable rainfall
rates, and the maturity of the dam. The lack of data
for some sites also means that further conclusions
cannot be drawn.

Whilst sites were selected due to a known reasonable
signal, across the period that each transmitter was live
there is some missing data. Uneven proportions of miss-
ing data in different seasons and sites place limitations
on the comparisons that can be made between sites and
time periods. This is an inherent challenge in certain,
especially rural settings across the world. This study in
part overcame this uncertainty by using average values
and developing exclusion criteria. It can also be argued
that the benefits of using WDT over or in coordination
with traditional methods of data collection outweigh the
uncertainties. Using this data, the study has positively
contributed to the literature on sand dams. Whilst there
is heterogeneity in abstraction between seasons and
sites, many handpumps are still being used by the end
of the long dry season, with significantly more abstrac-
tion seen at sites with higher salinity, larger dam walls,
and higher livestock usage. Sand dams can therefore
be seen as an effective dryland water source, especially
useful in the dry season.

Conclusion

As the first study to analyse multi-year abstraction
trends from sand dam handpumps, it reveals, quanti-
tatively, the positive contribution that sand dams can
make to year-round water security, by providing a
water source by the end of the long dry season when
other water sources are compromised. Of 22 hand-
pumps with abstracted data for the end of at least one
long dry season, 59.1% suggest they can meet drink-
ing water needs by the end of the long dry season
independently of other sources.

Having said this, heterogeneity in abstraction is a
reminder that not all sand dams behave the same, with
certain sand dams always likely to have higher levels of
abstraction than others, such as those with higher user
numbers, levels of salinity, livestock use, and larger
dam walls. The findings of low abstraction from certain
handpumps and in certain months challenge sweeping
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statements in literature professing the success and per-
fection of all sand dams, which are neither accurate nor
helpful. Yet, as abstraction levels are not synonymous
with water storage in the dam, with many confound-
ing factors impacting level of abstraction, without fur-
ther research, their true capabilities are unknown. High
abstraction and sustained water availability by the end
of the long dry season at many sites profess the positive
contribution that sand dams can make to a community’s
water supply, offering opportunities for further success
in the future.
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